Abstract: Evaluation of an underground powerhouse cavern's stability is a challenging task and needs to be carried out carefully by taking care of its location, orientation and dimensioning. This article deals with the stability evaluation of a large underground powerhouse cavern, which is located at the toe of the valley side slope where the depth varies between 59m (minimum) and 70m (maximum). The planned powerhouse cavern has a dimension consisting 130m length, 23m wide and 48 m high. The manuscript evaluates the extent of pre-construction phase engineering geological investigations of the project, discusses on the selection of input parameters and carries out assessment on the displacement conditions at the cavern and also assesses the extent of yielded zone at the toe slope. Finally, recommendations are suggested on the location and orientation of the powerhouse cavern, uncertainties involved in numerical analysis and boundary conditions for 2D and 3D models under gravitational field stress.
Introduction
P roduction of renewable energy is a politically, socially and environmentally supported trend at present. Energy generated through hydropower facilities to add renewal energy in the market and fullfill possible time lag between production and consumptions. One such possibility lies in the development of run-of-the-river projects with daily or weekly regulation possibilities. Therefore, the number of such run-of-the-river schemes under construction and at planning stage is on the rise. Locating the machines and transformers in an underground cavern is the most common practice around the world and is considered an economic design and environmentally friendly solution (Nilsen and Thidemann, 1993) . The importance of underground caverns increases by manifold as per security and strategic point of view, which is the case in all the projects under consideration in northern Himalayan region of India.
Evaluation on the stability condition of an underground powerhouse cavern is a challenging issue from rock mechanics point of view. Location, orientation, size of the cavern, complexity of access tunnels and geological conditions are some important issues among other boundary conditions. These challenges increase e x p o n e n t i a l l y while planning u n d e r g r o u n d excavation in the Himalayan region where rock mass is heavily influenced with active tectonic movement (Panthi, 2012) . Many large caverns have been constructed in past decades in the Himalaya. At pre-feasibility phase, the experience, methodology developed (Empirical, analytical and numerical method) and data from full scale experiments in previous projects should be used to validate the design of planned cavern and minimize the risk. This article deals with a specific type of underground cavern design problem, namely stability assessment of large underground opening located at the toe slope having relatively low rock cover. It assesses and compares the displacement of cavern walls and extent of yield zone to toe slope based on the data collected from pre-construction phase engineering geological investigations. Based on the analysis, recommendations are made in the location and orientation of powerhouse cavern. Uncertainties involved in numerical analysis and boundary conditions for 2D & 3D models under gravitational stress field are also highlighted. 
SachKhas Hydroelectric Project
Brief about the project Planned SachKhas hydroelectric project (267 MW) is envisaged as a dam-toe scheme with dam and underground powerhouse located on Chenab river in the Pangi valley of Himachal Pradesh (Larsen and Tourbo, 2012a ) and lies at an elevations ranging from 2149m to 2219m asl (Figure 1 ).
.

Project geology
SachKhas Project area constitutes a part of the Pangi Valley and is characterized by rugged terrain comprising high ranges, deep valleys, escarpments and cliff faces. The area constitutes a part of great Himalayan range, older folded cover sequence and crystalline complex over printed by Himalayan fold thrust movement, covering a stretch of ChandraBhaga Valley. The altitude of the area varies from 2150m and 6000m. Project area falls in the Tethyan Himalayas having Higher Himalayan Crystalline Sequences as basement, which is extended from Pangi Valley, Chamba in the northwest to Kinnaur in the southeast (Larsen and Tourbo, 2012b) . The project geology belongs to Precambrian Chloritebiotite Zone as shown in Figure 2 .
The project area is in seismically active regions of the Himalayas. It is continuously under stress and has been experiencing frequent crustal adjustment since the last phase of the Himalayan Orogeny. The rock mass encountered in the drift and in the drill holes are hard and fresh, grey color quartzite, diamictite and phyllite interbands with two plus random joint sets. The proposed powerhouse cavern is likely to encounter fresh and hard quartzite (55% to 60%), diamictite and phyllitic quartzite (30% to 35%) in 80 to 85% reach, phyllite in 10% reach and sheared and shattered rock mass in 5% reach (Larsen and Toubro, 2012b) . The underground cavern will be located in grey quartzite, diamictite and phyllitic quartzite bands. The foliation strikes at N125E and has dip with 35 -76 degrees' south-west.
In-situ stress and rock mechanical properties
The project is located in seismically active western Himalayan region, which is continuously under stress and experiencing frequent crustal adjustment. The in-situ stress measurement in the powerhouse cavern area was done by hydraulic fracturing test. In-situ stress measurement result at power house site is shown in Table 1 . Rock core samples from different bore holes of SachKhas project were collected and transported to laboratory for carrying out test on the mechanical properties of intact rock. The results of such tests are presented in Table 2 . Tourbo, 2012a & 2012b (Larsen and Tourbo, 2012b) .
Stability Assessment
Stability assessment is done by different methods depending upon the type of failure. There are two distinct types of failure that occur in the roof and wall of the underground cavern; i.e. structurally controlled instability (Hammett and Hoek, 1981; Hoek 2007 ) and stress induced instability (Nilsen and Palmström, 2000; Nilsen and Thidemann, 1993) . To carry out stability assessment both conventional analysis and numerical modelling was carried out for the powerhouse cavern.
Conventional methods
Predicting stability of cavern associated to insitu stress is very important. Analytical approach of Kirsch's equation is used to calculate tangential stress condition in the cavern and the calculated results are shown in Table 3 . Hoek and Brown (1980) suggested empirical approach to calculate the magnitude of tangential stress in roof and wall was also used (Table 4) . Table 3 : Maximum tangential stress on the cavern contour based on Kirsch's equations. Table 4 : Tangential stress in roof and walls calculated from the empirical method from Hoek and Brown (1980) .
The rock mass classification systems such as Q-system introduced by Barton et at (1974) , modified RMR introduced by Bieniawaski (1989) and GSI introduced by Hoek (1994) are common empirical methods that can be used to assess the quality of rock mass and predict rock support need for the underground cavern, in particular to estimate rock support requirement during planning phase of the project. Table 5 and Table 6 give rock mass quality that is assumed to be met in the underground cavern. Table 5 : Rock mass quality in the area of the powerhouse complex from the Q-system Table 6 : Rock mass quality from RMR and GSI values used in Empirical and numerical analysis.
RMR system recommends systematic bolts with 4m long and spaced at 1.5-2m in crown and walls with wire mesh in crown. However, this recommendation is for an underground opening with 10m diameter. Therefore, support chart given in Q-system is used to preliminarily define the rock support needed for the Cavern (Table 7) .
Unwedge analysis
In the analysis and detailed modelling of the SachKhas HEP powerhouse cavern the numerical methods such as Unwedge, RS-2D and RS-3D software have been used.
The required jointing parameters for structurally controlled instability analysis are presented in Figure  3 . The longitudinal axis of the cavern is orientated at N55°E and the orientation of foliation is N125°E and has dip direction 35°-76°SW. In addition, there exist two other cross joint sets as indicated in Figure 3 . Considering uncertainty related to joint orientation, engineering geological properties and cohesion, probabilistic Unwedge analysis is performed. The potentials results on the most critical wedges are based on the finding from maximum support pressure required, maximum wedge depth, and minimum factor of safety and probability of failure. Certain results show very critical values, however, the cumulative probability of such critical values is very low. Hence, critical values with very low cumulative probability are used to design support system.
Unwedge result shows maximum required support pressure of 0.026 MPa, maximum wedge depth of 5.8m and wedge weight in the roof ranges from between 0.066 and 0.147 MN. Figure 4 shows minimum factor of safety for the wedge failure on the roof of the cavern. Figure 5 shows probability of failure for each segment that was analysed, which is the ratio of the number of failed wedges and the number of samples. The design parameters of the rock bolt in the roof and the wall of the powerhouse cavern are determined on the basis of relative operational mechanism as suggested by Gharavi and Shafienzadeh (2008) . The parameters considered consist bolt length, bolt spacing, support pressure on the bolt, bolt load, bolt diameter and load capacity of each boalt (Table 8 ). The achieved results define preliminary rock bolt support system design in the underground cavern before moving with stress induced instability analysis. Generally, in the design of an underground infrastructure support system, a combined method of rock bolt and shotcrete is applied.
The application of rock bolts increased the factor of safety of the most critical wedges and decreased the probability of failure, which confirms the effectiveness of applied rock bolts.
RS-2D and RS-3D analysis
In the numerical modelling, a finite element software package was used. RS-2D and 3D represent both two-dimensional and three-dimensional finite element programs used for rock engineering application where multi stage and complex models can be created and analysed quickly. Modelling is carried out as plane stain analysis using Gaussian eliminator as solver type. Both elastic and plastic material properties are applied in the analysis. Redistribution of stresses and strength factor of material was analysed using elastic material. Displacement and rock mass failure was examined using plastic material, which allows the material to yield. Sensitivity analysis was done to check the influence of input parameters on the results.
In the numerical analysis, input parameters of the model and support system are prerequisites. Table  9, Table 10, Table 11, Table 12, Table 13 and Table  14 show inputs for in-situ stress condition including locked in stresses, material properties, rock mass properties, residual rock mass parameters, rock bolt properties and support properties used in numerical modelling. Table 9 : Stress situation applied in the numerical model in RS-2D and RS-3D (AECS, 2014). The modelling of rock support consisting shotcrete with 15 cm thick in the roof and 12 cm thick in the walls and systematic bolt was considered installed immediately after excavation. To simulate shotcrete, standard beam liner principle was used, which considers flexural rigidity (resistance to bending). Timoshenko beam formulation was used for beam elements to account for transverse shear deformation effects.The Estimated elasticity modulus and poison's ration for the shotcrete was 30 GPa and 0.2, respectively. Estimated other mechanical properties such as compressive strength, residual compressive strength and peak tensile strength were 35 MPa, 5 MPa and 5 MPa, respectively. In general, large scale caverns are excavated in several stages. The scope of performing this task is to find overall stability. Hence, excavation stages have been reduced as compared to the actual excavation plan, which is shown Figure 6 . In 2D numerical analysis has shown that the maximum tangential stress (σθmax) in the periphery of the cavern of 23.04 MPa and the ratio between the maximum tangential stress and uniaxial compressive strength (σθmax/UCS) of 0.28, which is favourable condition and no spalling may occur. In addition, negative stresses are generated at the cavern wall and crest of slope, which may cause some stability problem due to tensional cracks at crest of the slope resulting in minor shear failure. According to Hoek and Brown (1980) once such tensile failure occurs in slopes having weak rock mass these are not a big cause of concern as they are local in nature since there will be a stress relief and re-establishment of equilibrium in the changed environment. However, tension due to negative stresses might cause some stability problems in caverns.
A plastic model was also analysed to assess the degree of damage when the material was allowed to yield. Figure 7 shows the extent of yielded elements along the periphery of the powerhouse cavern. It was observed that most of the deformation was concentrated in the cavern wall and the maximum deformation registered by the modelling was 50 mm, which may be considered acceptable and can easily be controlled by the recommended support system. It was noticed that some bolts and shotcrete liner elements yielded in the disturbed zones indicating that the applied support in the model is active and in function. The tensile failure observed in the applied support was believed to be due to increased deformation in the cavern wall as the cavern has relatively large span (23m) and relatively high horizontal stresses. RS-3D analysis uses similar parameters as of RS-2D. Model setup and input data used were mostly same apart from mesh and displacement properties. The model result indicated maximum tangential stress of 24.84 MPa and ratio between the maximum tangential stress and uniaxial compressive strength of 0.30, which is similar to that of RS-2D analysis. The depth of brittle failure and extent of yielded elements were more confined and less critical compared to 2D numerical analysis results ( Figure  8 ). In RS-3D analysis the deformation magnitude ranged between 2 to 2.5 cm in the roof and wall area, which is less than that of RS-2D analysis. Yielding of bolts has shown similar results as of 2D analysis and no shotcrete liner element were observed yielded in the roof and wall, and total displacement was reduced to 1.5 cm only in the cavern wall facing away from the valley.
An analysis carried out using data inputs for the worst case scenario indicated that the rock mass around the cavern yielded in both shear and tension to an extent which may cause over break in the cavern roof and wall. The support elements provided were yielded beyond safe limits and the deformation on the cavern contour increased by 4 to 5 times. Therefore, it is highlighted here that selection of input variables plays an important role in analysing stability of the cavern.
Discussions and Uncertainties
The maximum total deformation on the cavern without installed support was 8 cm, which represents strain level of 0.35 %. Strain levels of almost 1% or greater are signs for onset of instability and hence demand for suitable rock support (Hoek, 2001) . The deformation observed at the cavern was within acceptable limit. Hoek and Moy (1993) have discussed about the yielded zone of powerhouse caverns located close to the toe slope and gave recommendations to adjust the rock support based on the actual stability condition during cavern excavation. Similarly, all yielded bolt elements were restrained within the disturbed zone, which constitutes 1/2 to 1/3 of rock bolt lengths in cavern roof and walls. This is not considered as a critical state for the stability of the caverns (Panthi, 2016) . Very limited shotcrete elements were yielded, which may be due to assumed high compressive strength and high horizontal compressions stresses.
Therefore, it is important that good quality control should be made while applying steel-fibre shotcrete.
It is highlighted that stability analysis made by using numerical models are dependent on the quality of input parameters. Hence, it is important to understand that uncertainties in input parameters will lead to inaccuracy in numerical model results. Keeping this in mind, a sensitivity analysis was carried out in order to see which parameters influence stability the most. This was done for the model without any rock support applied and with inputs representing both worst and best case scenario (Table 15 ). The quality of stability analysis depends on the accuracy of magnitude and direction of the in-situ stresses since failure zone that forms around the cavern is a function of far-field stresses, strength of rock mass and geometry of the opening. Projection of horizontal stresses into relevant cross section is a tricky task as it disregards shear stresses.
It is relatively difficult to achieve accurate calculations of the stress distribution using empirical and analytical approaches. Hoek and Brown (1980) proposed empirical method has shown comparable results to the numerical analysis (Table 16 ).
Numerical analysis shows better results to describe depth of failure in comparison to equations for depth of failure. The assessment carried out suggests that the uncertainties involved in predicting failure extent in caverns located at shallow depths and near the toe slope is considerable. Hence, the equation for depth of failure should be applied carefully when planning powerhouse cavern near the toe slope. 
Conclusions
The stability assessment of the powerhouse cavern of Sach Khas hydropower project was carried out using empirical, analytical and numerical approaches and the results are compared. Empirical and analytical approaches have provided primary estimation rock support needed for a stable cavern. Such information is crucial for 2D and 3D numerical analysis, which will help enhance the quality of assessment since numerical analysis considers many different variables related to in-situ stress, rock mechanical properties and support material properties in one single basket. The analysis also indicated that appropriate settings within numerical software programs are essential including accurate geometrical information of the underground opening in focus, especially in regards with its location. The step-wise assessment and evaluation process should be followed to achieve good results for underground structure especially located in Himalayan geological conditions. Hence, the real uncertainty is related to the selection of representative input parameters of in-situ stresses, rock mechanical properties and properties of support material. It is also highlighted that one should not rely only on a single stability analysis method while designing an underground cavern. It is recommended to use multiple approaches such as used in this manuscript. 
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